Cytosolic fructose-1,6-bisphosphatase was purified to apparent homogeneity from the leaves of apple, a sorbitol synthesizing species. The enzyme was a homotetramer with a subunit mass of 37 kDa, and was highly specific for fructose 1,6-bisphosphate (F1,6BP) with a K m of 3.1 µM and a 
Introduction
Sucrose and starch are the principal photosynthetic end products in most plants. The synthesis of these end products must be highly regulated for the optimal functioning of the photosynthetic system (Sharkey 1990 , Stitt 1996 . If endproduct synthesis exceeds the supply of triose phosphate, CO 2 assimilation is inhibited because the Calvin cycle intermediates are depleted and ribulose 1,5-bisphosphate cannot be regenerated. However, if end-product synthesis does not keep up with the supply of triose phosphate, the phosphorylated intermediates accumulate at the expense of inorganic phosphate (P i ), which leads to a decrease in ATP synthesis in chloroplasts and eventually inhibits photosynthesis (Sharkey 1990) .
Fructose-1,6-bisphosphatase (FBPase) (EC 3.1.3.11) catalyzes the hydrolysis of fructose 1,6-bisphosphate (F1,6BP) to fructose 6-phosphate (F6P) and release of P i . Two isoforms, cytosolic and chloroplastic FBPase, coexist in the plant cells (Daie 1993 , Chueca et al. 2002 . Cytosolic FBPase (cytoFBPase) catalyzes the first irreversible reaction during conversion of triose phosphate to sucrose in the cytosol (Stitt 1990 , Daie 1993 and plays an important role in regulating photosynthetic carbon partitioning between sucrose and starch (Sharkey et al. 1992 , Zrenner et al. 1996 . The enzyme has a high affinity for its substrate, a strong requirement for Mg 2+ , and a neutral pH optimum. It is weakly inhibited by AMP, and strongly inhibited by the regulatory metabolite F2,6BP (Stitt 1990 , Daie 1993 . CytoFBPase is a key component of the complex regulatory network that coordinates CO 2 assimilation, sucrose synthesis and starch synthesis (Stitt 1990 , Stitt 1996 . In spinach and other species that predominantly use starch as a transitory storage carbon in the leaves, high concentrations of sucrose result in an accumulation of hexose phosphates in the cytosol via either posttranslational inhibition of sucrose-phosphate synthase (Stitt et al. 1988) or phosphorylation of the reducing sugars from sucrose hydrolysis (Goldschmidt and Huber 1992) . Accumulation of hexose phosphates in the cytosol leads to an increase in F2,6BP via activation of fructose-6-phosphate 2-kinase and inhibition of fructose-2,6-bisphosphatase, which inhibits cytoFBPase and subsequently decreases the carbon partitioning into sucrose synthesis (Stitt et al. 1984a , Stitt et al. 1984c , Stitt 1990 ). However, the regulation of cytoFBPase by F2,6BP may vary among plant species. Trevanion (2002) showed that F26BP does not appear to be involved in regulating the carbon partitioning between sucrose and starch in the leaves of wheat, a plant that predominantly accumulates sucrose instead of starch in the leaves. In the leaves of Lolium temulentum, a fructan accumulator, there is no correlation between amount of F2,6BP and the partitioning between sucrose and starch (Pollock et al. 1995) .
In addition to sucrose and starch, sorbitol is a main photosynthetic end product, the primary phloem-translocated carbohydrate, and the predominant storage carbon in many important tree fruit species of the Rosaceae family, such as apple, pear, peach, and cherry (Loescher 1987) . Sorbitol synthesis shares a common hexose phosphate pool with sucrose synthesis in the cytosol. Glucose 6-phosphate (G6P) is first converted to sorbitol 6-phosphate (Sor6P) by aldose-6-phosphate reductase (A6PR) (G6P + NADPH + H + ↔ Sor6P + NADP + ) (Negm and Loescher 1981 , Kanayama and Yamaki 1993 , Zhou et al. 2003b , then followed by hydrolysis of Sor6P to release free sorbitol via sorbitol-6-phosphate phosphatase (Sor6P + H 2 O ↔ Sorbitol + P i ) (Zhou et al. 2003a) . Although photosynthetic carbon partitioning between sucrose and starch has been studied extensively in spinach and some other herbaceous plants (Stitt 1990 , Stitt 1996 , very little is known about the biochemical regulation of end-product synthesis and carbon partitioning among sorbitol, sucrose and starch in sorbitol synthesizing species. The reaction catalyzed by cytoFBPase provides hexose phosphates for both sorbitol and sucrose synthesis in the cytosol. It has been shown in peach (Prunus persica L.) that as a leaf expands, SPS activity remains unchanged whereas both cytoFBPase activity and A6PR activity increase with a concomitant rise in sorbitol concentration (Merlo and Passera 1991) . This suggests that cytoFBPase may play an important role in sorbitol synthesis. As part of our efforts to understand the biochemical mechanism of photosynthetic partitioning in sorbitol synthesizing species, we purified cytoFBPase from apple leaves and characterized its regulatory properties.
Results

Purification of apple leaf cytosolic FBPase
As shown in Table 1 , apple leaf cytoFBPase was purified over 1,656-fold to homogeneity with a specific activity of 48 units (mg protein) -1 . The final enzyme preparation did not contain any activity of associated enzymes, such as aldolase, phosphofructokinease, and non-specific phosphatase. Chloroplastic FBPase was separated from cytoFBPase in DEAE cellulose chromatographic step since the chloroplastic FBPase was strongly bound to DEAD-exchangers used in the purification procedure. The native enzyme eluted from Superose 6 column corresponded to a molecular mass of 150 kDa and SDS-PAGE showed a single band with a molecular mass of 37 kDa (Fig. 1) .
A desalting step was necessary for extracting cytoFBPase from apple leaves. We found that the removal of small substances from the extract by passing through PD10 columns led to a dramatic increase in the enzyme activity (data not shown).
Apple leaf cytoFBPase was highly thermally stable. Heat treatment at 60°C for 60 min not only removed many other proteins, but also increased the total activity of cytoFBPase by 85% (Table 1) , which is in agreement with the result of purification of a recombinant pea cytoFBPase (Jang et al. 2003) . In order to retain high activity of cytoFBPase, all the chromatographic steps and centrifugation after the heat treatment were conducted at 32-37°C. Loss of over 80% of the enzyme activity was observed when these purification steps were performed at 4°C.
Catalytic properties of apple leaf cytoFBPase
CytoFBPase from apple leaves had an absolute requirement for a divalent cation such as Mg 2+ and Mn 2+ for its activity. The enzyme activity responded to Mg 2+ and Mn 2+ ions hyperbolically with a K m of 0.59 mM and 62 µM, respectively (Fig. 2) . Maximum activity was observed in the pH range of 7.5-8.8 at 5 mM Mg 2+ (data not shown). Apple leaf cytoFBPase was highly specific for F1,6BP with a high affinity. In the range of 0-60 µM F1,6BP, apple cytoFBPase exhibited hyperbolic response with a K m of 3.1 µM Fig. 1 Picture of SDS-PAGE of purified apple cytosolic FBPase. Protein was subjected to SDS-PAGE in a 12% polyacrylamide gel, then stained with silver stain plus. Lane A, standard markers (kDa); Lane B, purified cytoFBPase. The numerals on the left indicate the molecular mass (kDa). in the presence of 5 mM Mg 2+ at pH 7.5. However, high concentrations of F1,6BP (>100 µM) inhibited the enzyme activity. At 1 mM F1,6BP, the enzyme activity was only about 40% of the activity measured at 60 µM F1,6BP. Other phosphorylated intermediates such as glucose 1-phosphate (G1P), G6P, fructose 6-phosphate (F6P), Sor6P, phosphoenolpyruvate (PEP), 3-glycerate phosphate (PGA), dihydroxyacetone phosphate (DHAP) were not hydrolyzed by the enzyme (data not shown).
Effect of cations on apple leaf cytoFBPase activity
Effects of some monovalent and divalent cations on Mg 2+ -activated apple leaf cytoFBPase were tested (Table 2) . K + did not show any significant effect; Na + inhibited the enzyme activity at high concentrations (>25 mM). NH 4 + activated the enzyme by 27% at 20 mM, but inhibited the activity completely at 100 mM. Ca 2+ , Cu 2+ , Zn 2+ , and Hg 2+ inhibited the enzyme activity. Mn 2+ synergistically stimulated the activity of the enzyme. Inclusion of 1 mM Mn 2+ led to a 46% stimulation of Mg 2+ -activated enzyme activity ( Table 2) .
Regulation of apple leaf cytosolic FBPase activity by metabolites
Dilithium DHAP significantly inhibited apple leaf cytoFBPase activity with 45% inhibition at 1 mM DHAP (Fig.  3A) . However, a parallel test with LiCl showed a very similar inhibitory pattern as found with DHAP-Li 2 at the same Li + concentration (Fig. 3A) . DHAP prepared from glyceraldehyde 3-phosphate via triose phosphate isomerase slightly decreased apple leaf cytoFBPase activity (18% decrease at 1 mM). No 2+ concentration. The enzyme activity was determined as described in Materials and Methods except that the metal ion was added at the specified concentration. Each point represents the mean of four replicates.
Table 2 Effects of various cations on purified apple leaf cytosolic FBPase activity
All values are the mean of four independent measurements with a standard error of less than 5% of the mean. a n.d., not detectable.
Additions
Relative activity (%) . Dilithium DHAP was from Sigma (Cat D7137). DHAP was prepared from glyceraldehyde 3-phosphate (G3P, Sigma Cat G5251) via triose phosphate isomerase (TPI). As the equilibrium of the TPI reaction is on the side of the ketone with a Keq (DHAP/G3P) value of 22 (Noltmann 1972) , over 95% of the triose phosphate can be assumed to be in the form of DHAP once the reaction reaches the equilibrium. To make 57 µmol DHAP, 60 µmol G3P was mixed with 250 units of TPI in 0.5 ml 100 mM HEPES-NaOH (pH 7.6) plus 5 mM MgCl 2 . The mixture was incubated at room temperature for 5 min and then kept on ice until use. We found that G3P at <0.05 mM had negligible effect on apple leaf cytoFBPase activity. Each point represents the mean of four replicates.
activation effect of DHAP on the enzyme was observed in the presence of 2 µM F2,6BP (Fig. 3B ).
Apple leaf cytoFBPase showed a unique response to F6P. F6P was a mixed type inhibitor for apple leaf cytoFBPase with a K i of 0.47 mM (Fig. 4) . As F6P concentration increased from 0 to 2 mM, the maximum activity of apple leaf cytoFBPase decreased from 47.8 to 23.3 µmol min -1 (mg protein) -1 and the corresponding K m for F1,6BP increased from 3.1 µM to 7.3 µM (Fig. 4) . G6P, G1P, Sor6P, sucrose 6-P, PGA and PEP did not show a significant effect on the enzyme activity (data not shown). P i had an inhibitory effect on apple leaf cytoFBPase, but the significant inhibition was only observed at very high concentrations (>10 mM) (data not shown).
F2,6BP and AMP significantly inhibited apple leaf cytoFBPase activity. At low concentrations, F2,6BP produced a competitive type inhibition. The response of the enzyme to F1,6BP turned into a sigmoidal curve in the presence of F2,6BP from a hyperbolic curve without the effector (Fig. 5A) . AMP inhibited apple leaf cytoFBPase non-competitively to F1,6BP in the concentration range up to 60 µM (Fig. 5B) .
F6P and F2,6BP inhibited apple leaf cytoFBPase synergistically. In the presence of low concentrations of F2,6BP, F6P further inhibited the enzyme activity (Fig. 6A) . Similar results were also observed for F6P and AMP (Fig. 6B) .
Effect of sorbitol on apple leaf cytoFBPase
Increasing the concentration of sorbitol in the reaction mixture caused an increase in susceptibility of the enzyme to inhibition by high concentrations of F1,6BP. As shown in 7, the enzyme exhibited the highest activity in the range of 20-60 µM F1,6BP in the absence of sorbitol, whereas the maximal activity appeared at 30 and 20 µM F1,6BP respectively in the presence of 0.1 and 0.4 M sorbitol. Sorbitol also led to an inhibition of the enzyme activity. At concentrations above 30 µM, F1,6BP inhibited the enzyme activity. Compared with the maximal activity in the absence of sorbitol, the enzyme activity at 60 µM F1,6BP was reduced by about 30% in the presence of 0.4 M sorbitol (Fig. 7) .
Discussion
CytoFBPase from the leaves of apple, a sorbitol synthesizing species, was purified to homogeneity in the current study. The results showed that the enzyme was a homotetramer with a subunit of 37 kDa. Either Mg 2+ or Mn 2+ was required for the enzyme activity. The enzyme was highly specific to F1,6BP with high affinity, but high concentrations of F1,6BP inhibited the enzyme activity. The enzyme was competitively inhibited by F2,6BP and non-competitively inhibited by AMP. These properties resemble those found for the cytoFBPase from the leaves of spinach (Zimmermann et al. 1978 , Stitt and Heldt 1985b , Stitt et al. 1985 , Ladror et al. 1990 , Prado et al. 1991 , maize (Stitt and Heldt 1985a) , sugar beet (Khayat et al. 1993) , and from castor seed endosperm (Kruger and Beevers 1984) . However, apple cytoFBPase exhibited some regulatory properties which are different from those of cytoFBPase in nonsorbitol synthesizing species.
DHAP is involved in coordinating sucrose synthesis and CO 2 assimilation by regulating cytoFBPase activity directly and indirectly via F2,6BP. DHAP directly inhibits cytoFBPase in spinach and maize, but activates cytoFBPase in the presence of F2,6BP Heldt 1985a, Stitt et al. 1985) . DHAP is an inhibitor of fructose 6-phosphate 2-kinase (Stitt et al. 1984a ). As CO 2 assimilation increases in response to a rising PFD, DHAP concentration increases in the cytosol, contributing to a decrease of F2,6BP concentration via inhibition of fructose 6-phosphate 2-kinase (Stitt et al. 1984b , Stitt 1990 ). Activation of cytoFBPase by the decreased F2,6BP level and up-regulation of SPS by increasing G6P/P i ratio and dephosphorylation of SPS protein allow sucrose synthesis coordinated with rising photosynthesis in a feedforward manner Heldt 1985b, Stitt et al. 1987) . It is expected that a similar feedforward mechanism also operates in sorbitol synthesizing species to coordinate CO 2 assimilation and triose phosphate utilization in sorbitol and sucrose synthesis. In these species, triose phosphates (DHAP and G3P) not only provide the carbon source, but also supply NADPH for sorbitol synthesis through the reaction catalyzed by non-reversible glyceraldehyde-3-phosphate dehydrogenase (nr-GAPDH). In green leaf tissues, nr-G3PDH is a component of a photosynthetic shuttle transferring reducing equivalents from the chloroplasts to the cytosol, and that the reductant generated in the cytosol may be used to meet several biosynthetic requirements (Scagliarini et al. 1990, Trost and Pupillo 1993) , including sugar alcohol biosynthesis (Gao and Loescher 2000) . Our results showed that the inhibitory effect of dilithium DHAP on cytoFBPase was largely caused by Li + (Fig. 3A) . Li + is also a potent inhibitor for FBPase from bacteria and mammalian organs (Benkovic and de Maine 1982 , Tejwani 1983 , Verhees et al. 2002 , Rittmann et al. 2003 . Apparently, DHAP alone only had a slight direct inhibition on cytoFBPase in apple leaves and cytoFBPase was not activated by DHAP in the presence of F2,6BP (Fig. 3B) . Therefore, the indirect effect of DHAP on F2,6BP level or other components (PGA, P i , etc) in the system may play a more important role in up-regulating cytoFBPase of apple leaves in response to rising CO 2 assimilation.
Our results showed that F6P was a mixed type inhibitor for apple leaf cytoFBPase and that F6P interacted with F2,6BP synergistically to inhibit the enzyme. In contrast, F6P was found to be a competitive inhibitor for spinach leaf cytoFBPase in the absence of F2,6BP, and it did not further inhibit the enzyme in the presence of F2,6BP (Stitt et al. 1985) . It was also reported that F6P served as an activator at concentrations below 2 mM, but became an inhibitor at high concentrations for spinach leaf cytoFBPase (Harbron et al. 1981) .
When sucrose accumulates in spinach leaves, SPS deactivates (Stitt et al. 1988) to trigger a feedback sequence, which down-regulates FBPase activity in the cytosol. This primarily involves signal metabolite, F2,6BP, which increases dramatically in response to rising F6P concentration via activation of fructose-6-phosphate 2-kinase and inhibition of fructose-2,6-bisphosphatase (Stitt et al. 1984a , Stitt et al. 1984c , Stitt 1990 ). It appears that direct inhibition of cytoFBPase activity by F6P may also be involved in down-regulation of cytoFBPase when triose phosphate utilization in sorbitol and/or sucrose synthesis decreases in sorbitol synthesizing species. In transgenic apple plants with decreased sorbitol synthesis, photosynthetic carbon partitioning into starch was dramatically increased whereas sucrose synthesis remained unchanged (Cheng et al. 2003) . Measurements of F6P and F2,6BP showed that leaf F6P concentration was doubled in the transgenic plants with the lowest A6PR activity whereas F2,6BP did not increase to the extent expected from the elevated F6P level comparing sucrose syn- thesizing species (Zhou et al. unpublished data) , which suggests that F6P may interact with F2,6BP to down-regulate cytoFBPase in this case.
The effect of sorbitol on apple leaf cytoFBPase is consistent with the finding that polyethylene glycol (PEG) in the reaction mixture altered the structure and kinetic properties of castor seed cytoFBPase (Hodgson and Plaxton 1995) . PEG increased the extent of the inhibition of castor seed cytoFBPase caused by high levels of F1,6BP. PEG excludes the protein from the binary solvent, thus increasing the local enzyme concentration and favoring protein aggregation (Hodgson and Plaxton 1995) . As a compatible solute, sorbitol probably affects apple leaf cytoFBPase in the same way as that PEG does on castor seed cytoFBPase.
Whether the direct inhibition of apple cytoFBPase by sorbitol has any physiological relevance remains unknown as the inhibition occurs at a relatively high concentration. However, as a primary photosynthetic end product and predominant storage carbohydrate, sorbitol may accumulate to a very high level in the leaves of sorbitol synthesizing species. The sorbitol concentration in apple leaf sap was higher than 300 mM in well-watered plants (Wang and Stutte 1992) . Peach leaf blade tissues accumulated as high as 415 mM sorbitol (Moing et al. 1997) . When sorbitol export does not keep pace with sorbitol synthesis, accumulation of sorbitol in the cytosol might directly inhibit cytoFBPase activity. High concentrations of sorbitol may also inhibit Sor6P phosphatase activity (Zhou et al. 2003a ), leading to a decrease in sorbitol synthesis and an increase in F6P concentration, which subsequently results in less triose phosphates available for sorbitol and sucrose synthesis in the cytosol and more triose phosphates available for starch synthesis in the chloroplast. This feedback scenario appears to be consistent with the results of previous studies. When carbon export from apple leaves was blocked by phloem girdling, sorbitol accumulated first, followed by increased carbon partitioning to starch synthesis in the chloroplast (Zhou and Quebedeaux 2003) . A similar carbon partitioning pattern was also observed in mature apple leaves under high CO 2 conditions (Pan et al. 1998 ).
Materials and Methods
Plant materials
Two-year-old 'Greensleeves' apple (M. domestica Borkh.) trees on Malling 26 rootstocks were grown in 7.6-liter pots at Cornell experimental farm in Ithaca, NY, U.S.A. The trees were watered every day and fertilized twice a week with 500 ml of 10 mM N, using Peters 
Assay of the enzyme activity and protein concentration
CytoFBPase was routinely assayed by measuring the increase in absorbance at 340 nm at 22°C in a reaction mixture of 50 mM imidazole-HCl, pH 7.5, 5 mM MgCl 2 , 0.4 mM NAD + , 1 unit of glucose-6-phosphate dehydrogenase (from Leuconostoc mesenteroides), 1 unit of phosphoglucose isomerase and enzyme preparation, in a final volume of 1 ml. The reaction was started by addition of 60 µM of F1,6BP. To determine the effect of metabolites and substrate specificity of the enzyme, P i release from hydrolysis of F1,6BP was continuously monitored using the EnzCheck phosphate determination reagents (Molecular Probes, Eugene, OR, U.S.A.) in a coupled assay according to the manufacturer's instructions. The released phosphate and 2-amino-6-mercapto-7-methyl-purine riboside were converted by purine nucleoside phosphorylase to ribose 1-phosphate and 2-amino-6-mercapto-7-methyl-purine in 50 mM Tris-HCl, pH 7.5, 5mM MgCl 2 , 0.2 mM 2-amino-6-mercapto-7-methyl-purine riboside, purine nucleoside phosphorylase (1 unit ml -1
). The activity of non-specific phosphatase was estimated by the production of F6P as above, but with the omission of MgCl 2 . Aldolase and phosphofructokinase was assayed as in Kruger and Beevers (1984) .
Protein concentrations were measured with Protein Assay Kit from Bio-Rad Lab. (Hercules, CA, U.S.A.) according to the manufacturer's manual using bovine serum albumin as the protein standard.
Purification of FBPase from apple leaves
The column chromatography of the purification was conducted in ÅKTA protein purification system from Amersham Biosciences (Piscataway, NJ, U.S.A.). Approximately 60 g of frozen leaves was powdered in liquid nitrogen with a mortar and pestle and then homogenized in 180 ml of 0.1 M phosphate buffer (pH 7.5) containing 2 mM EDTA, 14 mM 2-mecarptoethanol (ME), 1 mM phenylmethylsulfonyl fluoride, 0.2% Triton X-100 (v/v), plus 5% polyvinylpolypyrrolidone (w/v). The homogenate was squeezed through four layers of cheesecloth and the filtrate was centrifuged at 20,000×g for 20 min. The supernatant was desalted with PD10 columns (Amersham Biosciences, NJ, U.S.A.) and then brought to 45% ammonium sulfate saturation by slowly adding solid ammonium sulfate (24 g per 100 ml) with constant stirring for 30 min. The suspension was centrifuged at 20,000×g for 10 min and the resultant supernatant was further brought to 65% ammonium sulfate by adding ammonium sulfate (17 g per 100 ml) as described above. The sample was centrifuged as above and the 45-65% pellet was dissolved in a minimum volume buffer A (20 mM phosphate buffer, pH 7.5, 14 mM ME) and clarified by centrifugation at 20,000×g for 5 min. The preparation was desalted with PD10 columns and immediately loaded onto a DEAE-cellulose column (2.5 cm i.d. × 15 cm) equilibrated with buffer A. CytoFBPase was eluted with 1 liter of buffer A containing linear 0-1 M KCl gradient at 4°C. Fractions containing cytoFBPase were pooled and the enzyme was precipitated with 70% ammonium sulfate. The resultant pellet was dissolved in 5 ml of buffer B (10 mM MOPS-NaOH, pH 7.0, 0.25 mM EDTA, 2.5 mM MgSO 4 , 20% glycerol) and was subsequently incubated at 60°C for 60 min. After cooled on ice, the insoluble component was removed by centrifugation at 20,000×g for 10 min. All the subsequent chromatographic steps were conducted at 37°C and the centrifugations were at 32°C. An aliquot of the supernatant was loaded to a Superose 6 column (10 mm i.d. × 30 cm) (Amersham Biosciences, NJ, U.S.A.). The fractions containing the activity >2.5 units (mg protein) -1 were pooled and concentrated and desalted with Amicon Ultra 30K (Millipore Corp., Billerica, MA, U.S.A.). The preparation was immediately loaded to a Mono Q column (5 mm i.d. × 5 cm) (Amersham Biosciences, NJ, U.S.A.), and cytoFBPase was eluted out with 15 ml of buffer B in the 0-0.5 M KCl gradient and was then frozen at -80°C in 100 µl aliquots.
Electrophoresis
Samples were analyzed by SDS-PAGE using 7×10 cm mini-gels prepared with a 12% (w/v) acrylamide resolving gel according to Laemmli (1970) . Samples were mixed with an equal volume of buffer containing 0.3 M Tris-HCl (pH 6.8), 3.3% SDS, 0.15 M DTT, and 33% glycerol, and were denatured in a boiling H 2 O bath for 2 min. Electrophoresis was performed for 80 min at 100 V. The bands were located by staining with Silver Staining Kit (Sigma) according to the manual.
Estimation of the molecular mass of cytoFBPase
Gel filtration was carried out using the purified cytoFBPase. The enzyme was loaded on to a Superose 6 column (10 mm i.d. × 30 cm, Amersham Pharmacia Biotech) equilibrated with buffer A. The molecular mass was determined using the standard curve derived from standard proteins.
